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The effect of elevated CO2 concentration 
on growth and NO3- assimilation of 
Phaseolus vulgaris and Triticum aestivum 
 
 
By 
J.E. Ferguson 
 
 
The concentration of CO2 in the atmosphere is rising each year and the CO2 level may double in the 
next century. The rising CO2 concentration causes an increase in carbon assimilation due to increased 
efficiency of photosynthesis and a reduction in photorespiration. In this experiment, the effect of 
elevated CO2 was impacted by the amount of NO3- supplied to common bean and wheat. At optimal 
concentrations of NO3- supplied, common bean grown at elevated CO2 concentrations had up to a 
73% increase in dry matter production and an equivalent amount of total nitrogen and soluble protein 
in the lamina compared to common bean grown at ambient CO2 concentrations. However, common 
bean grown at elevated CO2 concentrations with low rates of NO3- supplied had an equivalent dry 
matter production and total nitrogen content was greatly decreased compared to those grown at 
ambient CO2 concentrations. The wheat with optimal supplied NO3- concentrations at elevated CO2 
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concentrations had up to a 89% increase in dry matter production, a 39% increase in lamina total 
nitrogen and an equivalent total amount of soluble protein in the lamina compared to wheat grown at 
ambient CO2 concentrations. With low NO3- supplied, the wheat grown at elevated CO2 concentration 
had equivalent dry matter production and total nitrogen content to the wheat grown at ambient CO2 
concentrations. These results show the importance of nitrogen availability on the performance of 
plants under elevated CO2 conditions. 
 
Key words: elevated CO2 concentration, common bean, wheat, nitrogen, nitrate, growth, dry matter 
production, legume 
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Introduction 
 
There has been much research carried out on the impacts that climate change may have on aspects of 
plant growth and the implications on global food security. One of the features of the changing climate 
is a rise in the concentration of CO2 each year. This has been the focus of many studies and an 
elevation in CO2 concentration has been found to increase the rate of photosynthesis and thus plant 
growth. There have been conflicting reports on how the elevation of CO2 concentration affects the 
growth and nitrogen content of plants, much of this variation is believed to be due to differences in 
the nitrogen availability. In this experiment, a range of NO3- concentrations are used to determine 
which rates are optimal for plant growth at both ambient and elevated CO2 concentrations in common 
bean (Phaseolus vulgaris) and wheat (Triticum aestivum). A comparison between optimal and sub-
optimal NO3- rates will show how the availability of nitrogen may affect the plant’s response to the 
elevated CO2 conditions. 
 
It has been proposed that an elevation of CO2 concentration inhibits the assimilation of NO3- in the 
shoot. This experiment aimed to test whether an elevation in the concentration of CO2 causes a 
decrease in plant nitrogen through the inhibition of NO3- assimilation. Common bean and wheat were 
the species chosen to study in this experiment to represent C3 species which are and aren’t capable of 
fixing atmospheric nitrogen respectively, as well as both being globally economically important crop 
species. The study will focus on different aspects of growth and nitrogen status of the plants at 
different CO2 and nitrate supplies. 
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Hypothesis 
For this experiment, it is hypothesised that growth will increase in the common bean and wheat grown 
at elevated CO2 concentrations compared to growth at ambient CO2 concentrations. The theory that 
increased CO2 levels cause a decrease in NO3- assimilation will also be tested by measuring the 
concentration and total amount of various forms of nitrogen in the plants. The nitrogen content of the 
plants is expected to increase with increasing concentrations of NO3- supplied. It is also hypothesised 
that nitrogen content will increase at elevated CO2 concentration but not at a sufficient amount to be 
comparable to the increase in the carbon assimilation, which would lead to a reduction in the nitrogen 
concentration with elevated CO2 concentration. 
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Literature Review 
Phaseolus vulgaris 
Common bean (Phaseolus vulgaris) is a legume with a C3 carbon fixation pathway. It is a major grain 
legume and is typically grown in sub-tropical and temperate areas. Global production of dry beans 
was approximately 22.8 million tonnes across 29 million hectares and the global production of green 
beans was 21 million tonnes across 1.5 million hectares in 2013 (FAO, 2015). It can form symbiotic 
relationships with rhizobia, the main inoculum used for common bean being Rhizobium 
leguminosarum biovar phaseoli, to form nodules on the roots which are capable of fixing atmospheric 
nitrogen (N2) as an additional nitrogen source for the plant. Nitrogen fixation requires a large amount 
of energy which is supplied by the plant. Common bean transports assimilated nitrogen in different 
forms through the xylem sap, including ureides, nitrate, amides and amino acids. The transport of 
ureides as a N form is unusual in crop species but is also present in pea (Pisum sativum) and tropical 
legumes (Brisken and Bloom, 2012). 
 
Triticum aestivum 
Wheat (Triticum aestivum) is a C3 cereal which is grown in temperate regions and is one of the oldest 
cultivated species in the world. Approximately 716 million tonnes of wheat was produced globally 
in 2013 across 219 million hectares (FAO, 2015). Wheat belongs to the family Poaceae, believed to 
have evolved 50 to 70 million years ago, and to the sub-family Pooideae, which also includes barley 
and oats (Peng et al., 2011). It is an allohexaploid derived from three progenitor species, originating 
around 9,000 years ago (Eckardt, 2010). Wheat is a staple food for approximately 40% of the world’s 
population and climatic changes which lead to plant stress conditions have the potential to impact 
global food security due to the lack of genetic diversity in wheat (Kilian et al., 2010). 
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Climate Change 
The atmospheric carbon dioxide (CO2) levels have been rising continuously since around 1750 AD 
and exceeded pre-industrial levels of 272-287 µmol mol-1 CO2 around 1850 AD (Ahn et al., 2012) 
with the current concentration approximately 400 µmol mol-1 CO2 with levels increasing by around 
1 to 3 µmol mol-1 each year (Tans, 2015). It is predicted that by the end of this century, the CO2 levels 
may reach 500-900 µmol mol-1, depending on the rate of carbon emissions and the level of 
sequestration of carbon by ocean and land organisms (Joos et al., 1999; Bloom et al., 2010). The 
concentration of CO2 is not the only aspect of the environment which is impacted by climate change. 
There is also predicted to be an increase in temperature and an increase in the frequency of severe 
weather events, both of which could lead to a reduction in crop production (Easterling et al., 2000). 
 
C3 Carbon Fixation 
Approximately 96% of plant species rely exclusively on a C3 pathway to fix CO2 into a 3-carbon 
compound (generally 3-phosphoglycerate) which may be used to produce carbohydrate products such 
as starch and sucrose. A few plants have developed more complex pathways in addition to the C3 
pathway. C3 plants are capable of fixing more carbon at lower temperatures than plants with C4 or 
CAM carbon fixation pathways, but at high temperatures the C4 and CAM plants are more efficient 
carbon assimilators. The key enzyme in C3 carbon fixation is ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO) which incorporates atmospheric CO2 into ribulose-1,5-
bisphosphate (RuBP) to form two molecules of 3-phosphoglycerate. RuBisCO can also carry out the 
oxygenation of ribulose-1,5-bisphosphate in a process called photorespiration (C2 cycle). The 
carboxylation and the oxygenation of RuBP are competing reactions with CO2 and O2 both able to 
bind at the same active site within RuBisCO. The photorespiration carried out by RuBisCO consumes 
3.5 ATP and 2 NADH for each RuBP oxygenated without any net gain in carbohydrate and reduces 
the net photosynthesis by around 25% in most plants (Rachmilevitch et al., 2004; Bloom, 2015). The 
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amount of photorespiration that occurs, and therefore the overall efficiency of CO2 fixation, depends 
on RuBisCO’s specificity for CO2 and O2 as well as the relative concentration of CO2 and O2.  
 
Regulation of RuBisCO 
At current atmospheric CO2 and O2 concentrations of 0.04% and 20.94% respectively, the CO2:O2 
ratio is 0.0019. However, the solubility of CO2 is much greater than O2 near the chloroplast, where 
the RuBisCO reactions occur, so that the local CO2:O2 ratio is about 0.026 at 25°C (Bloom, 2015). 
RuBisCO’s specificity for CO2 is also approximately 100 times higher than for O2 (Bloom, 2015). 
The CO2:O2 and the higher specificity of RuBisCO for CO2 mean that at the ambient CO2 and O2 
concentrations, there are about two or three C3 CO2 fixation cycles for each photorespiration cycle 
(Sharkey, 1988). A number of factors are involved in the regulation of carboxylation and oxygenation 
of RuBP. High temperatures increase RuBisCO’s affinity for oxygen as substrate, increasing the rate 
of photorespiration, and therefore a decrease in net carbon fixation is a result of C3 plants grown at 
high temperature. The change in concentration of either O2 or CO2 also results in changes in the 
amount of oxygenation and carboxylation. RuBisCO generally fixes more carbon at elevated CO2 
concentrations than at ambient levels when the temperature and the concentration of RuBisCO and 
O2 remain constant, however, there are variable responses in C3 species to an elevated CO2 
concentration and this variability is often linked to the availability of nitrogen (Bloom, 2015).  
 
Nitrate Assimilation 
Nitrogen is the main soil nutrient which influences the growth and the yield of plants as it is a 
constituent of proteins, DNA, RNA, chlorophyll, ATP and certain plant hormones. The main sources 
of nitrogen for most plants are NO3- in cultivated soils and NH4+ in uncultivated soils, with the 
absorption of these compounds taking place through the roots from the soil or by mycorrhizae 
associated with the roots, which then transfer the N to the plant. Certain plants, particularly legumes, 
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are able to obtain nitrogen through a symbiotic relationship with particular bacteria which are able to 
fix atmospheric nitrogen. It is believed that the mechanisms of the uptake and the assimilation 
pathways of nitrate and ammonium are the same for nitrogen-fixing plants and non-fixing plants 
(Andrews et al., 2013). Several low- and high-affinity nitrate-proton cotransporters absorb nitrate 
from the soil into the plant roots (Andrews et al., 2013). The assimilation of NO3- involves the 
conversion of NO3- into NO2- by the enzyme nitrate reductase (NR) and the subsequent conversion 
of the NO2- into NH4+ by nitrite reductase (NiR). Finally, NH4+ can be turned into glutamine and 
glutamate by glutamine synthetase (GS) and glutamate synthase (GOGAT) respectively, which can 
be modified into a wide array of organic nitrogenous compounds. The nitrate absorbed by the roots 
can be stored or assimilated in the roots, or may be transported through the xylem into the shoot where 
it is able to be assimilated or stored as NO3-. The vacuoles are the main site of NO3- storage in the 
roots and shoots of plants, and the amount of NO3- stored is determined by the plant’s genotype, the 
tissue type and the environmental conditions, particularly the concentration of nitrogen. 
 
Site of Nitrate Assimilation 
Temperate cereals and grain legumes have their maximum proportion of NO3- assimilation occurring 
in the roots when the external NO3- concentration is around or less than 1 mol m-3 (1 mM NO3-). The 
proportion of NO3- assimilation occurring in the shoot increases as the external NO3- concentration 
increases from 1 to 20 mol m-3 (1 to 20 mM NO3-). Some sub-tropical and tropical cereals and grain 
legumes on the other hand have the shoot as the main site of NO3- assimilation at both low and high 
external NO3- concentrations (Andrews et al., 2004). Common bean is primarily a shoot NO3- 
assimilator, whereas wheat carries out NO3- assimilation in the root at low NO3- concentrations with 
NO3- assimilation ‘spilling over’ into the shoot at higher NO3- concentrations (Andrews et al., 2013). 
The rate of NO3- assimilation can be measured by the activity of NR and in a study done by Wallace 
(1986), the proportion of in vivo NR activity of wheat declined from 25% to 3% in the root with 
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increasing NO3- concentration (0.5 to 10 mM NO3-). In common bean the increase in the NO3- 
concentration did not alter the relative proportion of NR activity with approximately 97% of the NR 
activity occurring in the leaves. The site of NO3- assimilation can influence the light use efficiency 
(LUE) (mol photons /mol NO3-), water use efficiency (WUE) (mol H2O /mol NO3-) and the carbon 
use efficiency (CUE) (mol C /mol NO3-). The LUE, WUE and CUE can be greater when NO3- 
assimilation is carried out in the shoot (Andrews, 1986), however, shoot NO3- assimilation may be a 
disadvantage to plants at low temperatures. 
 
Nitrate Reductase 
Nitrate reductase (NR) (EC 1.7.1.1) is the enzyme which reduces nitrate into nitrite which is 
subsequently reduced to NH4+ and ultimately forms amino acids and other organic nitrogenous 
compounds. NR is responsible for catalysing the transfer of two electrons from NAD(P)H to nitrate 
which produces nitrite (Campbell, 2001). Most nitrate reductase enzymes only use NADH as a 
reductant but there is a NR form, found mainly in non-green tissues like the root, which is capable of 
utilising either NADH or NADPH as the electron donor (Andrews et al., 2013). NR is a substrate-
activated enzyme, and higher concentrations of nitrate present in the plant elicit an increased amount 
of nitrate reductase present. This is done through increased transcription of the NR genes when high 
concentrations of nitrate are detected (Kaiser et al., 2002). The regulation of the nitrate reductase 
enzyme is complex and involves transcriptional as well as post-transcriptional mechanisms. The most 
important factor which controls the transcription and synthesis of NR is the concentration of nitrate 
present but sugars also play a role in regulating the production of NR (Cheng et al., 1992). The post-
transcriptional regulation modulates the activation state of NR and NR may become phosphorylated 
(P-NR) and bind to a 14-3-3 protein (P-NR-14-3-3). The P-NR form has similar levels of activity as 
the non-phosphorylated form, however, the P-NR-14-3-3 form has almost no activity. The 
inactivation of NR by the 14-3-3 proteins occurs in darkened leaves and some of the external factors 
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which control the activation of NR include photosynthesis, sugar metabolism and the pH (Kaiser et 
al., 2002). 
 
Effect of Increased CO2 Concentration 
C3 species are expected to have an increase in the conversion of atmospheric CO2 into carbohydrate 
and other organic compounds in response to the predicted increase in CO2 concentration (Bloom et 
al 2010). One of the main responses of plants grown under elevated CO2 concentrations is a more 
efficient use of resources; such as water, nutrients and light (Drake et al., 1997). C3 plants grown in 
elevated CO2 concentrations are able to assimilate more carbon per unit of water lost, nitrogen used 
and light absorbed. 
 
When plants are exposed to elevated CO2 for extended periods of time there are reports of a reduction 
in the concentration of enzymes involved in carbon fixation, particularly RuBisCO which can account 
for half of the protein in leaves, which leads to a reduction in the photosynthetic rate compared to the 
initial photosynthetic rate when plants are first exposed to the elevated CO2 level; a response known 
as CO2 acclimation. There is an interaction between RuBisCO concentration, CO2 concentration and 
the temperature, with a lower concentration of RuBisCO required at elevated CO2 levels, especially 
at higher temperatures, to maintain a constant carbon assimilation rate (Drake et al., 1997). This 
means that when the CO2 concentration is increased, the same photosynthetic rate can be obtained 
with a lower amount of the carbon assimilation and light harvesting proteins and therefore the plant 
may reduce its production of some of these proteins so that nitrogen may be used elsewhere (Stitt and 
Krapp, 1999). 
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CO2 Acclimation 
CO2 acclimation is a plant response which can be triggered by long-term exposure to elevated 
concentrations of CO2. There is evidence that plants grown at elevated concentrations of CO2 have 
reduced carbon assimilation compared to plants grown at ambient concentrations of CO2 when both 
are measured at ambient CO2 concentrations (Drake et al., 1997). At exposure to elevated CO2 
concentrations, there is an initial period where photosynthesis occurs at a higher rate. Plant growth 
can be up to 35% higher of than those grown at ambient CO2 concentrations in C3 plants but this 
increase in growth then declines and stabilises within a period of days to years (Bloom et al., 2010). 
With CO2 acclimation, plants may stabilise at rates of net CO2 assimilation and plant growth at 12% 
and 8% respectively higher than those of plants grown at the ambient CO2 concentration 
(Rachmilevitch et al., 2004). The concentration of carbohydrate is still greater in plants grown at 
elevated CO2 but there can be a reduction in the concentration of soluble protein and of RuBisCO 
(Drake et al., 1997). In a summary of 75 published studies, Cotrufo et al. (1998) found that there was 
on average a 14% and a 9% reduction in the N concentration of above-ground and root material 
respectively in plants grown at elevated CO2 concentrations. If an increase in the concentration of 
CO2 causes a reduction in the shoot protein concentration, this may reduce the quality and animal 
palatability of the plant (Myers et al., 2014). In crops such as wheat, where high protein is valued for 
producing bread-making flour, a reduction in the protein concentration may have a significant adverse 
effect for growers. An elevated CO2 concentration may also cause wheat to have reduced 
concentrations of the minerals iron and zinc (Myers et al., 2014). 
 
It is believed that the nitrogen assimilation at elevated CO2 concentrations does not increase at the 
same rate as carbon assimilation at elevated CO2 concentrations and that this results in the plants 
having a higher carbon to nitrogen ratio in elevated CO2 conditions (Stitt and Krapp, 1999). However, 
the reduction in the concentration of nitrogen, and of soluble proteins, in the leaf tissues compared to 
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carbon, is thought to be not solely due to a dilution effect from a greater amount of carbon assimilated 
at elevated CO2 concentrations. Bloom (2015) proposes that the different reasons for the decreasing 
protein concentration at elevated CO2 concentrations include: the dilution of protein with the increase 
of biomass, the down-regulation of RuBisCO synthesis, the soil N becoming less available to plants, 
and the direct inhibition of NO3- assimilation. The nutrient status of the plant, nitrogen availability 
being the most important, affects the amount of CO2 acclimation displayed by the plant and the plant’s 
response to elevated CO2 concentrations (Ellsworth et al., 2004; Rachmilevitch et al., 2004). In plants 
which have a low nitrogen supply, the CO2 acclimation is more marked compared to plants with 
plentiful nitrogen (Stitt and Krapp, 1999). 
 
The higher nitrogen-use efficiency is due to the increased effectiveness of RuBisCO and the other 
photosynthetic proteins at elevated CO2 levels and a reduction in the concentration of these proteins 
frees nitrogen to be incorporated into non-photosynthetic proteins. When measuring the nitrogen 
concentration of plants of the same age which have been grown under ambient and elevated CO2 
concentrations, it is proposed that there is a decrease in the nitrogen concentration in the plants grown 
under elevated CO2 concentration but there is no decrease when plants of the same size are compared 
(Coleman et al., 1993).  
 
Photosynthesis 
An elevation in the concentration of CO2 in C3 plants increases the rate of photosynthesis. CO2 
acclimation is believed to reduce this rate to a level above those obtained at ambient concentrations 
of CO2, but lower than those attained by short-term exposure to elevated CO2 (Drake et al., 1997). 
RuBisCO at current CO2 concentrations is not CO2-saturated so an increase in the concentration of 
CO2 will result in an increase in the proportion of carbon fixation to photorespiration. This improves 
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the efficiency of photosynthesis as less captured energy is lost which results in greater carbon gain 
by the plant.  
 
Inhibition of Nitrate Assimilation 
Bloom et al. (2002) showed that under extended periods of elevated CO2 (700 µmol mol-1) wheat 
leaves had a diminished capacity for the assimilation of NO3-. At double the CO2 concentration in C3 
plants, the carbon assimilation was initially approximately 30% greater but the plant then acclimatised 
to a rate of carbon assimilation approximately 12% higher than those obtained from the plants 
exposed to ambient CO2 concentrations. A study by Rachmilevitch et al. (2004) showed that the NO3- 
assimilation in Arabidopsis and wheat decreased at elevated CO2 concentrations and also at lowered 
O2 concentrations. They concluded that the assimilation of nitrate in the shoot was dependent upon 
photorespiration occurring. 
 
There were three possible mechanisms outlined in these papers by which the assimilation of NO3- 
could be inhibited by elevated concentrations of CO2. In the photorespiration pathway, malate is 
exported from the chloroplast into the cytoplasm and peroxisome, where it is used to generate NADH. 
The increase in NADH concentration may increase the assimilation of NO3- as NADH is used as an 
electron donor for the reduction of NO3- by NR. Malate may also be involved in regulating the pH. 
Assimilation of NO3- produces OH- ions, which in the shoot can be neutralised by organic acids, 
particularly malate (Andrews et al., 2013). The second mechanism was that elevated concentrations 
of CO2 inhibited the cotransport of NO2- and protons from the cytosol into the chloroplast, where it 
is reduced to NH4+. This transport of NO2- requires the chloroplast stroma to be more alkaline than 
the cytosol but elevated CO2 concentrations can acidify the stroma with additional CO2 movement 
into the chloroplast, causing a reduction in the transport of NO2- into the chloroplasts. The third 
mechanism proposes that nitrogen assimilation can be inhibited in elevated concentrations of CO2 
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due to the diversion of photosynthetic reductant, reduced ferredoxin, from the reduction of NO2- to 
NH4+, and also the incorporation of NH4+ into amino acids, to the fixation of CO2, all of which require 
reduced ferredoxin and occur in the chloroplast stroma. Under limiting light conditions, elevated CO2 
concentrations stimulate carbon fixation and therefore decrease the amount of reduced ferredoxin 
available. 
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Materials and Methods 
Growth Conditions 
Growth Chamber 
Both experiments were carried out in two Conviron BDW 120 plant growth rooms (Thermo-Fisher, 
Auckland, NZ), containing 48 x 400 W metal halide bulbs (Venture Ltd., Mount Maunganui, NZ) 
and 48 x 100W soft tone, soft white incandescent bulbs (Philips, Auckland, NZ). The bulbs were 
mounted behind a Perspex barrier 2.4 m above floor level, set at approximately 900 µmol photons m-
2 s-1 with the light levels increased for one hour to simulate dawn/dusk. One chamber was maintained 
at ambient CO2 concentrations (380 µmol mol-1 CO2) and the second growth chamber was 
maintained at an elevated CO2 concentration (760 µmol mol-1 CO2) using G214 food grade CO2 
(BOC, Auckland, NZ). The concentration of CO2 present in each chamber was measured using PP 
Systems WMA-4 Gas Analysers (John Morris Scientific, Auckland, NZ). The growth chambers were 
set on 16 hour day cycles at 25/20°C day/night temperatures for the beans and 20/15°C day/night 
temperatures for the wheat, with the relative humidity maintained at 65% during the day. 
 
Phaseolus vulgaris 
The common bean cultivar Top Crown Dwarf (Kings Seeds, Katikati, NZ) was used. Seeds weighing 
between 0.4-0.5g were planted in 1L pots (one plant per pot) containing 1:1 volume mix of 
vermiculite and perlite. The beans were inoculated with Rhizobium leguminosarum bv phaseoli strain 
ICMP 2672 (International Collection of Microorganisms from Plants, Auckland, NZ). 100mL basal 
nutrient solution (App. I), containing the appropriate NO3- concentration, was flushed through every 
one to three days. The treatments were 0.5, 1, 2, 3, 4, 6, 8 and 10 mM NO3- supplied as potassium 
nitrate. The concentration of potassium was balanced across the nitrate treatments using potassium 
sulphate, but the sulphate concentration was not balanced. The basal nutrient solution contained 
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0.5mM ammonium to simulate natural field soil conditions where there is likely to be a small 
concentration of NH4+ in the soil. At each CO2 concentration, there were three replicates at each NO3- 
level, except for 4mM NO3- which had six replicates. 
 
Triticum aestivum 
The wheat cultivar used was Discovery, an alternative/spring cultivar. Each 1L pot containing 1:1 
volume mix of vermiculite and perlite had three wheat plants. The same basal nutrient solution and 
nitrate treatments as for beans were used, with 100mL flushed through every one to three days. At 
each CO2 concentration, there were three replicates at each NO3- level, except for 3mM and 4mM 
NO3- which each had six replicates. 
 
Photosynthetic Rate and Stomatal Conductance 
A LI-COR 6400 machine was used to measure the photosynthetic rate and stomatal conductance of 
the 4mM and 6mM NO3- treatments for the beans and across the entire range of NO3- treatments for 
the wheat. The third fully emerged leaf was measured for each plant, at a light intensity of 800 µmol 
photons m-2 s-1. The CO2 concentration of the surrounding air was used as the supply of CO2 when 
measuring the photosynthetic rate and the stomatal conductance; 380µmol mol-1 for the plants grown 
at the ambient CO2 concentration and 760µmol mol-1 for the plants grown at the elevated CO2 
concentration. The photosynthetic rate was calculated using the difference in the CO2 input and output 
over time across the area of the leaf being measured. The stomatal conductance was obtained through 
the concentration of water vapour within the leaf over the leaf area, measured using the leaf 
temperature and the total atmospheric pressure, and then removing the boundary layer’s contribution 
from the total conductance.  
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Harvest 
Lamina samples were taken just before harvest and frozen in liquid nitrogen to carry out the soluble 
protein assay and the nitrate reductase enzyme assay. Plants were harvested after five weeks for the 
beans and seven weeks for the wheat and the plant material was separated into lamina, stem and roots 
for the beans and lamina and roots for the wheat. Plant material was dried at 60°C for one week before 
weighing the dry matter. Dried material from 0.5mM (sub-optimal NO3-), 4mM and 6mM (optimal 
NO3-) NO3- treatments were ground to undergo analysis for NO3- concentration and C/N content. 
 
Soluble Protein 
Plant material was frozen and ground in liquid nitrogen and 1g ground material was suspended in 
5mL extraction buffer at 4°C (App I). Homogenate was vortexed and centrifuged (3000 g, 4°C, 
15min) and the supernatant collected to be used for soluble protein analysis. The soluble protein of 
the samples was measured using the Coomassie blue (Bradford) method using Bovine Serum 
Albumin (BSA) for standards. Standards of 0.0, 0.0625, 0.125, 0.25 and 0.5 mg/mL were used and 
the samples were diluted 10-fold with RO water to fall within the range of the standards. 10µL of 
standard/sample with 200µL 1x Bio-Rad Dye Reagent was pipetted into a 96-well microplate and 
incubated at room temperature for 5 minutes. The absorbance was read at 595nm using a FLUOstar 
Omega microplate spectrophotometer. 
 
Nitrate Concentration 
0.5g (±0.001g) of the dried and ground plant material from the 0.5mM, 4mM and 6mM NO3- 
treatments were extracted using 25mL water and shaken for 30 minutes at ambient temperature. The 
extract was then filtered twice through Whatman 1 filter paper. The filtrate was analysed using the 
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Alpkem Flow Solution 3000 twin channel analyser with Alpkem Winflow 4.03 software (Alpkem, 
Texas, USA). Nitrate concentration was determined by initial reduction of nitrate to nitrite using a 
cadmium reduction coil (OTCR – open tubular cadmium reactor) followed by the reaction of nitrite 
with sulphanilamide/NED to form an azo dye compound. The intensity of this compound was 
determined spectrophotometrically at 540nm. 
 
Carbon/Nitrogen Concentration 
The dried and ground plant material from the 0.5mM, 4mM and 6mM NO3- treatments were analysed 
for their C and N concentrations. 200mg of each sample was analysed in an Elementar Vario-Max 
CN analyser (Hanau, Germany). 
 
Statistical Analysis 
The statistical analysis program Minitab17 was used to carry out one-way ANOVA, multi-way 
ANOVA and a Tukey post hoc analysis on the variables which displayed significant differences 
between groups. The ANOVAs and Tukey tests used a confidence of 95% for significance. The 
variance in the data is displayed as the sample standard error on the graphs. 
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Results 
Visual Assessment 
Phaseolus vulgaris 
 
 
Figure 1. Growth of Phaseolus vulgaris after five weeks at a) ambient CO2, b) elevated CO2 
concentrations, grown at different nitrate concentrations (0.5mM -10mM NO3-). 
 
The bean plants grown at the elevated CO2 concentration had paler leaves across the range of nitrate 
treatments than those grown at the ambient CO2 concentration. Plants at the optimal NO3- 
concentrations (3 to 6mM NO3-) were healthy-looking plants at both ambient and elevated CO2 
concentrations. Both the low nitrate (0.5mM to 2mM NO3-) and the high nitrate (8mM to 10mM NO3-
) treatments grown at the elevated CO2 as well as the high nitrate treatments grown at ambient CO2 
concentration showed considerable signs of chlorosis. The low nitrate treatments at ambient CO2 
0.5mM 1mM 2mM 3mM 4mM 4mM 6mM 8mM 10mM 
0.5mM 1mM 2mM 3mM 4mM 4mM 6mM 8mM 10mM 
a 
b 
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concentration, while smaller than those at the optimal nitrate treatments, still looked green and 
healthy. The 8mM NO3- and the 10mM NO3- treatments were not considered in the statistical analysis 
due to the considerable chlorosis and senescence, a sign of nitrate toxicity, and the complex 
interactions involved in these processes, but results are included on graphs where available. At 
harvest, plants grown with the lower concentrations of NO3- had a greater amount of nodulation on 
their roots than plants supplied with the high NO3- concentrations. 
 
Triticum aestivum 
 
Figure 2. Growth of Triticum aestivum after seven weeks at a) ambient CO2, b) elevated CO2 
concentrations, grown at different nitrate concentrations (0.5mM to 10mM NO3-). 
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There was increased growth from the lowest NO3- treatment to 4mM NO3-, with the 6mM NO3- 
treatment having a similar level of growth as the 4mM NO3- but a greater amount of chlorosis. At 
both ambient CO2 and elevated CO2 concentrations, the 8mM NO3- and the 10mM NO3- treatments 
had a high degree of chlorosis and senescence, due to nitrate toxicity, compared to those of the other 
nitrate treatments. As with the beans, the 8mM and the 10mM NO3- treatments were not considered 
in the statistical analysis due to their toxicity effects but results are still shown on the graphs. 
 
Dry Matter Production 
Phaseolus vulgaris 
 
Figure 3. Dry matter production of Phaseolus vulgaris grown at different nitrate concentrations and 
at ambient and elevated CO2 concentrations. 
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At ambient CO2 levels, the peak growth occurred at 6mM NO3-, however, there was no statistical 
difference between total growth of the beans at any of the nitrate treatments at the ambient CO2 
concentration (Fig. 3). This indicates that with a limiting CO2 supply and the beans inoculated, a wide 
range of nitrate availabilities will produce plants with similar levels of dry matter (DM) production. 
With an elevated concentration of CO2, the concentration of nitrate supplied to the plant had a large 
effect on the total growth. The peak growth of the bean plants occurred with the 6mM NO3- treatment 
at the elevated CO2 concentration, this treatment exhibiting 74% higher total dry matter production 
than at the same nitrate concentration at the ambient CO2 concentration. At the elevated CO2 
concentration, a clear growth curve can be seen, and increased growth occurs with increasing NO3- 
until a nitrate supply of 8mM NO3-, where nitrate toxicity has detrimental effects on the growth of 
the beans. From this growth curve, 4mM and 6mM NO3- can be considered to be the optimal nitrate 
concentrations for bean growth and these treatments are used for the comparison of different effects 
at ambient and elevated CO2 concentrations in further analysis.  
 
 
Figure 4. Dry matter partitioning of Phaseolus vulgaris plants at ambient CO2 concentration at 
different nitrate supplies. 
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Figure 5. Dry matter partitioning of Phaseolus vulgaris plants at elevated CO2 concentration at 
different nitrate supplies, with letters representing groupings according to a Tukey test for the lamina. 
 
At the ambient CO2 concentration, the partitioning of DM into lamina, stem and root material was 
consistent across all of the nitrate treatments, with an average of 45% lamina, 27% stem and 28% 
root material (Fig. 4). In contrast to the partitioning at the ambient CO2 concentration, the beans 
grown at the elevated CO2 concentration showed a significant difference in their DM partitioning at 
the different NO3- concentrations (Fig. 5). The partitioning into the lamina increases with increasing 
nitrate, before plateauing at 4mM and 6mM NO3-, with the peak lamina partitioning occurring at 
4mM NO3- where the lamina accounts for 54% of the plant’s DM production. The proportion of stem 
did not differ significantly across the nitrate treatments, with the root material decreasing as the 
proportion of lamina increases. 
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Figure 6. Shoot to root dry weight ratio of Phaseolus vulgaris at ambient and elevated CO2 
concentrations, across different nitrate supplies. 
 
The shoot to root ratio of the beans combines the partitioning into the lamina and stem into a total 
amount which was compared against the partitioning into the root material. Beans grown at an 
ambient CO2 concentrate do not differ in the shoot to root ratio across the nitrate treatments and have 
an average shoot: root of 2.57 (Fig. 6). The beans grown at the elevated CO2 concentration had a 
marked increase in the shoot: root from the lowest nitrate treatment to 6mM NO3- before decreasing 
at the higher nitrate concentrations. The 0.5mM and the 1mM NO3- treatments had a lower shoot: 
root than the equivalent treatment grown at the ambient CO2 concentration and the 2mM NO3- had a 
similar shoot to root as the beans grown at the ambient CO2 concentration. 
 
 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
0 2 4 6 8 10 12
Sh
o
o
t:
R
o
o
t
N Treatment (mM NO3
- )
Ambient CO2
Elevated CO2
23 
 
Triticum aestivum 
 
Figure 7. Dry matter production of Triticum aestivum grown at different nitrate concentrations and at 
ambient and elevated CO2 concentrations. 
 
The wheat plants grown at both the ambient and the elevated CO2 concentrations had increased DM 
production with increasing NO3- concentration up to 4mM NO3- and this was the peak amount of total 
DM production for wheat grown at an ambient CO2 concentration (Fig. 7). There was visual evidence 
that the nitrate concentrations above 4mM NO3- were toxic to the plant when grown at the ambient 
CO2 concentration and the DM production also decreases above this nitrate level. Wheat grown at an 
elevated CO2 concentration have their peak growth at 6mM NO3- with a sharp decline in the amount 
of DM produced above this nitrate concentration. The 0.5mM, 1mM and the 2mM NO3- treatments 
do not differ in the dry matter production between the ambient and the elevated CO2 concentrations 
and it was only above these nitrate concentrations, up to the peak dry matter production at 6mM NO3-
, that the elevated CO2 concentration causes an increase in the amount of dry matter produced. The 
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beans grown at the elevated CO2 concentration had 42% higher DM production at 4mM NO3- and 
89% higher DM production at 6mM NO3- than the equivalent nitrate treatments grown at the ambient 
CO2 concentration. As with the bean plants, the optimal nitrate concentrations in wheat were the 4mM 
and the 6mM NO3- treatments, which were used for further analysis on the effect that ambient and 
elevated CO2 concentrations have on carbon: nitrogen interactions in wheat. 
 
 
Figure 8. Dry matter partitioning of Triticum aestivum plants at ambient CO2 concentration at 
different nitrate supplies. 
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Figure 9. Dry matter partitioning of Triticum aestivum plants at elevated CO2 concentration at 
different nitrate supplies, with letters representing groupings according to a Tukey test for the lamina. 
 
The partitioning of the dry matter into lamina and root material in wheat grown at an ambient CO2 
concentration did not significantly change across the nitrate treatments (Fig. 8). The wheat grown at 
the ambient CO2 concentration have an average of 53% lamina and 47% root material. There was a 
significant difference in the dry matter partitioning in plants grown in an elevated CO2 concentration 
(Fig. 9). As the nitrate concentration increases, the proportion of lamina also increases, to a maximum 
of 56% lamina in the 6mM NO3- treatment. 
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Photosynthetic Rate and Stomatal Conductance 
Phaseolus vulgaris 
 
Figure 10. Phaseolus vulgaris photosynthetic rate at 4mM and 6mM NO3- treatments. 
 
 
Figure 11. Stomatal conductance of Phaseolus vulgaris at 4mM N and 6mM N treatments. 
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Beans grown at an elevated CO2 concentration had a significantly higher rate of photosynthesis than 
those grown at an ambient CO2 concentration at the optimal nitrate rates (Fig. 10). At the optimal 
NO3- treatments, the elevated CO2 concentration increased the photosynthetic rate on average by 57% 
compared to at ambient CO2 concentration. The difference between the two CO2 concentrations was 
larger at the 6mM NO3- treatment than at the 4mM NO3- treatment. 
 
The stomatal conductance, an indication how open the stomata are, did not significantly differ 
between either the two CO2 concentrations or the two nitrate treatments tested (Fig. 11). Although 
the mean stomatal conductance of the beans grown at the elevated CO2 concentration was numerically 
greater compared to the beans grown at the ambient CO2 concentration, there was too much variation 
in these stomatal conductance results within each treatment for any differences to be statistically 
significant. The average stomatal conductance across the two optimal NO3- treatments and the two 
CO2 concentrations was 0.167 mol H2O m-2 s-1. 
 
Triticum aestivum 
 
Figure 12. Triticum aestivum photosynthetic rate. 
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Figure 13. Stomatal conductance of Triticum aestivum. 
 
In wheat, the plants grown at the elevated CO2 concentration had a higher photosynthetic rate than 
the plants grown at the ambient CO2 concentration (Fig. 12). The nitrate treatment did not affect the 
rate of photosynthesis in the nitrate treatments up to 6mM NO3- and there was an average increase of 
54% in the photosynthetic rate when wheat was grown at the elevated CO2 concentration compared 
to when grown at the ambient CO2 concentration.  
 
The stomatal conductance of wheat displayed no trends in either the different nitrate treatments or 
the concentration of CO2 the plants were grown in (Fig. 13). There was a large degree of variation 
within treatments in the stomatal conductance measurements and further analysis would be required 
to elucidate any differences in the stomatal conductance which may occur between the treatments. 
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Total Nitrogen Content 
Phaseolus vulgaris 
 
Figure 14. Nitrogen percentage of Phaseolus vulgaris lamina, stem and root material at sub-optimal 
N (0.5mM NO3-) and optimal N (4mM and 6mM NO3-) treatments at ambient and elevated CO2 
concentrations. 
 
The percentage of nitrogen present in the bean lamina was much higher at the ambient CO2 
concentration than at the elevated CO2 concentration, with over double the percentage of nitrogen 
present in the lamina grown at ambient compared to the elevated CO2 concentration (Fig. 14). The 
nitrogen concentration did not significantly differ between the sub-optimal and the optimal NO3- 
treatments in the lamina at each of the ambient and the elevated CO2 concentration. The %N in beans 
grown at the ambient CO2 concentration was also significantly higher than those grown at the elevated 
CO2 concentration in the stem material. There was no significant difference in %N between any of 
the lamina or stem material of the beans grown at the elevated CO2 concentration. In the roots, the 
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%N was also higher in the beans grown at the ambient CO2 concentration, however, there was a 
smaller difference between the %N for the two CO2 concentrations. 
 
 
Figure 15. Total plant nitrogen content of lamina, stem and root material in Phaseolus vulgaris at 
sub-optimal (0.5mM NO3-) and optimal (4mM and 6mM NO3-) nitrate supply, grown at ambient or 
elevated CO2 concentrations. 
 
In the lamina of the bean plants, there was a large difference between the total nitrogen content of the 
plants grown at sub-optimal NO3- in the elevated CO2 concentration and the other three treatments 
tested (Fig. 15). The total N of the lamina of the beans grown at the elevated CO2 concentration with 
optimal NO3- supply, and at sub-optimal or optimal NO3- at the ambient CO2 concentration, do not 
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in the lamina of both the sub-optimal and the optimal NO3- treatments at the elevated CO2 
concentration, the increased dry matter production in the optimal NO3- treatment means that an 
equivalent total amount of N was found in the lamina. In the stem material, the total N did not 
significantly differ between the sub-optimal and the optimal NO3- treatments grown under the ambient 
CO2 concentration and has an average of 50 mg of N in the stem. The stem total N content was 
significantly lower than this in the sub-optimal NO3- treatment, but was significantly higher in the 
optimal NO3- treatments. In the root material, the total N content was significantly higher than the 
other treatments with an optimal NO3- supply at the elevated CO2 concentration, with no significant 
difference in the root material between the total N content in the other treatments. 
 
Triticum aestivum 
 
Figure 16. Nitrogen percentage of Triticum aestivum lamina and root material at 0.5mM, 4mM and 
6mM NO3- treatments at ambient and elevated CO2 concentrations. 
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In the lamina of the wheat plants, the percentage of N was significantly greater in the wheat grown at 
the ambient CO2 concentration, becomes higher as the NO3- concentration increases, and the 
difference between the %N at each NO3- concentration becomes larger as the NO3- concentration 
increases (Fig. 16). A similar trend to that of the lamina can be seen in the %N of the root material 
grown at the ambient CO2 concentration. The roots of the wheat grown at the elevated CO2 
concentration do not have a significant difference in the %N at the different NO3- treatments. 
 
 
Figure 17. Total plant nitrogen content of lamina and root material in Triticum aestivum at sub-
optimal (0.5mM NO3-) and optimal (4mM and 6mM NO3-) nitrate supply, grown at ambient or 
elevated CO2 concentrations. 
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ambient and the elevated CO2 concentrations are comparable to each other in both the lamina and the 
root material (Fig. 17). The average total N content at the sub-optimal treatment was 4.7mg of N in 
the lamina and 2.7mg of N in the root material. At the optimal nitrate concentrations (4mM NO3- and 
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6mM NO3-), the total nitrogen content of the wheat differed significantly between the ambient and 
the elevated CO2 concentrations in the lamina but not in the roots where there was an average of 
11.4mg of N. The wheat grown at the optimal N supply and at the elevated CO2 concentration had a 
39% higher total N in the lamina than those grown at the ambient CO2 concentration, at an average 
of 20.4mg of N and 28.3 mg of N for the wheat grown at ambient and elevated CO2 concentrations 
respectively. 
 
Carbon: Nitrogen 
Phaseolus vulgaris 
 
Figure 18. Carbon to nitrogen ratio in Phaseolus vulgaris lamina, stem and root material at sub-
optimal N (0.5mM NO3-) and optimal N (4mM and 6mM NO3-) at ambient and elevated CO2 
concentrations. 
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In the lamina of the beans, the effect of the sub-optimal and optimal NO3- treatments on the carbon 
to nitrogen ratio was not significant, but the beans grown under the elevated CO2 concentration had 
a significantly higher C:N than those grown at ambient CO2 concentrations (Fig. 18). The bean lamina 
has an average C:N of 12.3 at the ambient CO2 concentration and 25.6 at the elevated CO2 
concentration. The bean stems in the plants grown at the elevated CO2 concentration also have a 
significantly higher carbon to nitrogen ratio than those grown at the ambient CO2 concentration, 
although there was less of a difference at the optimum NO3- treatments. The carbon to nitrogen ratio 
in the roots of the beans was significantly higher in the plants grown at the elevated CO2 concentration 
and also at the optimal NO3- treatment, however, this difference was a very small amount. There was 
only an average increase in the root C:N of 0.9 at the elevated CO2 concentration, and an average 
increase of 0.7 in the optimal NO3- treatment. 
 
Triticum aestivum 
 
Figure 19. Carbon to nitrogen ratio in Triticum aestivum lamina and root material at sub-optimal N 
(0.5mM NO3-) and optimal N (4mM and 6mM NO3-) at ambient and elevated CO2 concentrations. 
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The carbon to nitrogen ratio in the lamina of the wheat plants was significantly higher when the plants 
were grown at the elevated CO2 concentration, and were also significantly higher when supplied with 
the sub-optimal NO3- concentrations (Fig. 19). This means that the proportion of nitrogen was greater 
in the lamina when the wheat was supplied with a higher concentration of NO3- in the soil and also 
when the wheat was exposed to ambient CO2 concentrations. The lamina has an average increase in 
the C:N of 7.2 at the elevated CO2 concentration, and an average increase in the C:N of 15.2 at the 
optimal NO3- treatment. The C:N in the roots of the wheat do not differ significantly to each other in 
the sub-optimal NO3- treatment, but the C:N was significantly higher at the elevated than the ambient 
CO2 concentration at the optimal NO3- treatment. 
 
Soluble Protein 
 
Figure 20. Soluble protein concentration of the lamina in Phaseolus vulgaris and Triticum aestivum 
at ambient and elevated CO2 concentrations with 4mM nitrate. 
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Figure 21. Soluble protein content of the lamina in Phaseolus vulgaris and Triticum aestivum at 
ambient and elevated CO2 concentrations with 4mM nitrate. 
 
In the bean plants grown at 4mM NO3-, there was no significant difference in the concentration of 
soluble protein or in the total amount of soluble protein in the lamina between the plants grown at the 
ambient and the elevated CO2 concentration (Fig. 20-21). 
 
The wheat plants grown at ambient and elevated CO2 concentrations at 4mM NO3-, did not differ in 
the total soluble protein in the lamina (Fig. 21) but did differ between the two CO2 concentrations in 
the concentration of soluble protein in the lamina (Fig. 20). The concentration of soluble protein in 
the lamina was 38% higher in the wheat grown at the ambient CO2 concentration at 4mM NO3-. 
Although the concentration of soluble protein was greater at the ambient CO2 concentration, the 
improved plant growth at the elevated CO2 concentration means that there was an equivalent amount 
of protein present in the wheat lamina at the two CO2 concentrations. 
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Nitrate Concentration 
Phaseolus vulgaris 
 
Figure 22. Nitrate lamina concentration of Phaseolus vulgaris at 0.5mM N, 4mM N and 6mM N at 
ambient and elevated CO2 concentrations. 
 
The NO3- concentration in the lamina of the bean plants was significantly higher in the plants grown 
at the ambient CO2 concentration (Fig. 22). The NO3- concentration did not significantly differ 
between the different nitrate treatments, despite the appearance of an increase in NO3- concentration 
at the ambient CO2 concentration with increased nitrate supplied. All three of the replicates of the 
beans grown at 6mM in an ambient CO2 concentration were variable in their result for NO3- 
concentration, rather than just one outlier being present. 
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Triticum aestivum 
 
Figure 23. Nitrate lamina concentration of Triticum aestivum at 0.5mM N, 4mM N and 6mM N at 
ambient and elevated CO2 concentrations. 
 
The concentration of NO3- present in the lamina did not have any significant differences between the 
two CO2 concentrations or between the different nitrate treatments (Fig. 23). There was one replicate 
of the wheat plants grown at the 6mM NO3- in the ambient CO2 concentration which had a much 
higher NO3- concentration than any of the other NO3- concentrations and was responsible for the large 
variation within this treatment. 
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Discussion 
Phaseolus vulgaris 
Dry Matter Production 
The beans grown at ambient CO2 concentration had a slight increase in dry matter production with 
increasing NO3- up to 6mM NO3-, however, the difference between these values was not significant 
(Fig. 3). Although nitrogen fixation is an energy expensive process, the assimilation of NO3- has very 
similar energy costs. The photon cost (mol absorbed photons /mol plant organic N) for the fixation 
of atmospheric nitrogen in root nodules is 403-407, whereas NO3- assimilation in the root has a photon 
cost of 397-411 and shoot NO3- assimilation has a photon cost of 394-407 (Andrews et al., 2013). 
Similarities in the energy costs associated with N2 fixation and NO3- assimilation may be why there 
was no difference in the dry matter production in the beans at ambient CO2 concentration in the low 
to optimal NO3- treatments. If the energy cost of fixing atmospheric nitrogen was much greater than 
for assimilating NO3- from the soil, it would be expected that there would be less dry matter produced 
at the low NO3- levels, as obtaining the same amount of nitrogen would require more photosynthate. 
It is therefore likely that the low NO3- treatments are receiving a greater proportion of their nitrogen 
supply from N2 fixation than the beans grown at the optimal NO3- levels. This, however, has not been 
measured in this experiment and could be considered in future studies. 
 
Reports have highlighted the importance that the nitrogen availability has on the effect that elevated 
CO2 levels can have on growth (Reich et al., 2006; Finzi et al., 2007; Norby et al., 2010; Cavagnaro 
et al., 2011; Duval et al., 2012). This effect is apparent in the DM production of the beans grown at 
elevated CO2 levels (Fig. 3). The low NO3- treatments (0.5 mM to 2mM NO3-) had DM production 
which ranged from a decrease of 15% to an increase of 8% in the amount of dry matter at elevated 
CO2 concentrations, whereas the optimal NO3- treatments (3mM to 6mM NO3-) had a 41% to 73% 
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increase in the dry matter production at elevated CO2 concentrations. The total dry matter production 
of the beans grown at elevated concentrations is much greater than the 35% increase in plant growth 
reported in Bloom et al. (2010), which also was predicted to decline after a period of time due to the 
CO2 acclimation response. The difference in dry matter production between the elevated and ambient 
CO2 concentrations was much less at the lower NO3- treatments, and even had decreased dry matter 
production with 0.5mM NO3- at elevated CO2 levels. The 8% increase in dry matter production with 
elevated CO2 concentration at 2mM NO3- is the same as was reported by Poorter and Navas (2003). 
They found initial plant growth to generally be around 30% greater at elevated CO2 levels but with 
CO2 acclimation, plant growth stabilises at around 8% higher growth rates than the plants grown at 
ambient CO2 concentrations. From these results, it is clear that the amount of nitrogen supplied to 
plants grown has a large impact on the dry matter production at elevated CO2 concentrations. 
 
Shoot: Root 
Generally, the shoot to root ratio of plants increase as the available NO3- concentration increases, 
within the range of NO3- concentrations found in natural and cultivated soils, up to around 6 mol m-3 
(6 mM NO3-) (Andrews et al., 2013). This response was displayed in the beans grown at elevated CO2 
concentrations but was not in those grown at ambient CO2 concentrations where the shoot to root 
ratio remains constant across the range of NO3- concentrations (Fig. 6). The beans at the low NO3- 
treatments at elevated CO2 concentrations had lower S:R than the beans with the corresponding NO3- 
treatments grown at ambient CO2 concentration and had a similar S:R at 2mM NO3-. When nitrogen 
is limiting, it is believed that plants put more resources into the roots in order to obtain more N. At 
elevated CO2 concentration, the carbon is not limiting growth due to increased efficiency of carbon 
assimilation, but the nitrogen becomes even more limiting than it is at ambient CO2 concentrations. 
It is likely that at the low NO3- treatments, the plants put more of their resources into the root structure 
in order to seek additional soil NO3- and, as the beans were inoculated, also into the root nodules. 
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This would increase the DM production of the roots which would in turn decrease the S:R. In the low 
to optimal NO3- treatments grown at ambient concentrations of CO2, the dry matter production and 
the proportion of partitioning into lamina, stem and root remained constant, meaning that a 
comparable amount of total lamina, stem and root material was produced across the range of 
treatments. The similarity in growth and shoot to root ratio of the beans grown at ambient CO2 is an 
unusual result and could be looked into further to find possible reasons that this is occurring. 
 
Nitrogen Content 
As in previous studies, the shoot nitrogen concentration was lower in the beans grown at elevated 
CO2 concentrations compared to those grown at the ambient levels (Stitt and Krapp, 1999). In 
previous studies, there was on average a 14% decrease in the concentration of N in the shoot material 
when grown at elevated concentrations of CO2 (Cotrufo et al., 1998). In the bean lamina, an average 
decrease of 47% in the nitrogen concentration was observed at the elevated CO2 concentrations with 
optimal NO3-. Interestingly, at optimal NO3- supply, the total nitrogen content of the lamina was the 
same at ambient and elevated concentrations of CO2 (Fig. 15). This suggests that a similar quantity 
of NO3- is being assimilated at both ambient and elevated CO2 concentrations when nitrogen isn’t 
limiting growth. As almost all nitrate assimilation in common bean is carried out in the shoot 
(Wallace, 1986; Andrews et al., 2013), the proposal by Bloom et al. (2010) and Rachmilevitch et al. 
(2004), that shoot NO3- assimilation is inhibited by elevated concentrations of CO2, does not appear 
to hold in this experiment. The beans grown at sub-optimal NO3- at an elevated CO2 concentration 
had a 47% reduction in the N concentration as well as 69% lower total N in the lamina. In this 
treatment, there is a larger decrease in the percentage of total N compared to the N concentration and 
it is possible that NO3- assimilation has been inhibited by the elevation in the concentration of CO2 
in this treatment. The total DM production of the sub-optimal NO3- level (0.5mM NO3-) at elevated 
CO2 concentration was 15% lower than the sub-optimal NO3- at ambient CO2 concentration and this 
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treatment also had a lower proportion of lamina, with a low shoot to root ratio. The reduction in 
lamina DM as well as lower nitrogen concentration resulted in the much lower total nitrogen content 
of the beans at elevated CO2 concentration when receiving a sub-optimal NO3- supply. 
 
As well as a decrease in the concentration of nitrogen in the shoot, previous studies have also found 
a decrease in the amount of soluble protein of the shoot in plants exposed to elevated CO2 
concentrations (Stitt and Krapp, 1999). At the optimal NO3- treatment (4mM NO3-) the concentration 
of soluble protein is the same at ambient and elevated CO2 concentrations in the bean lamina (Fig. 
20). Due to the increase in the dry matter production at elevated CO2 concentration, this results in the 
beans grown at elevated CO2 concentration having a greater numeric total soluble protein content in 
the lamina, however, this result is not statistically significant due to the large variation in total soluble 
protein at elevated CO2 concentration (Fig. 21). Although the soluble protein is not significantly 
different between the elevated and ambient CO2 concentrations, there was not the reduction in soluble 
protein which has been reported in other studies. RuBisCO is the main protein found in the lamina 
and so, with the assumption that the RuBisCO concentration does not change with elevated CO2 
concentrations, CO2 acclimation is not occurring and there has not been a down-regulation of 
photosynthesis. To prove that this is the case, the concentration and total amount of RuBisCO would 
need to be determined. 
 
A higher nitrogen use efficiency can be seen in the beans grown at elevated CO2 concentrations at 
optimal NO3- supply, as they have a lower concentration of nitrogen and similar amounts of total 
nitrogen, but have a higher photosynthetic rate than at ambient CO2 concentrations (Fig. 10). The 
increase in water use efficiency, which is believed to occur with elevated CO2, cannot be observed in 
the beans due to the high variance within the treatments in the stomatal conductance results (Fig. 11). 
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Further analysis into stomatal conductance is needed to determine the effect that elevated CO2 
concentration has on the stomatal aperture, including more replicates in each treatment. 
 
The beans were all inoculated and were supplied with a low concentration of NH4+ and so gained 
some nitrogen from alternative sources to the soil NO3-. This was done as it is probable that a similar 
situation would occur naturally. Most of the studies on the effect of elevated concentrations of CO2 
are not carried out on plants which are also capable of fixing atmospheric nitrogen. More research 
would be required to understand the interactions between the supply of N from soil NO3- and fixed 
N2 and how this may change at elevated CO2 levels in common bean.  Soussana and Hartwig (1995) 
found that in white clover, an elevated CO2 concentration increased the amount of N2 fixed and thus, 
also increased the proportion of nitrogen in the plant which originated from N2 fixation. The low NO3- 
treatments at elevated CO2 concentrations did not have a higher DM production or nitrogen content 
than the beans grown at the same NO3- level at ambient CO2 concentrations. Further research into the 
effect that elevated CO2 has on the fixation of atmospheric nitrogen in common bean at different soil 
NO3- levels is needed. 
 
Triticum aestivum 
Dry Matter Production 
The dry matter production of wheat at ambient concentrations of CO2 increased with increasing levels 
of NO3- up to 4mM NO3- before decreasing at higher NO3- concentrations (Fig. 7). The wheat grown 
at elevated CO2 concentrations also had increasing dry matter production with increasing NO3- but 
only had a reduction in the amount of dry matter produced at NO3- levels above 6mM NO3-. It was 
only within the range of 3mM to 6mM NO3- that had any difference in dry matter production between 
the two CO2 concentrations. The wheat grown at elevated CO2 concentration had 33%, 42% and 89% 
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greater dry matter production at 3mM, 4mM and 6mM NO3- respectively than the wheat grown at 
ambient CO2 levels with the same level of NO3-. As with the beans, it was only at the optimal 
treatments of NO3- that the growth was much greater when grown at elevated concentrations of CO2 
compared to ambient CO2 concentrations. The dry matter production at the low NO3- treatments did 
not increase or decrease at elevated CO2 concentration, showing the importance that nitrogen 
availability has on the influence of CO2 concentration on growth. 
 
Wheat grown at elevated CO2 appears to require a higher concentration of NO3- than wheat grown at 
ambient CO2 concentrations. This is evidenced by the shift in the maximum dry matter production of 
4mM NO3- at ambient CO2 concentrations, to 6mM NO3- at elevated CO2 concentrations. Wheat is 
unable to fix atmospheric N2 and so the wheat growing at low NO3- levels had no alternative sources 
of nitrogen, other than the small amount of NH4+ supplied. This is likely the reason why the beans 
grown at ambient CO2 concentration did not significantly differ in their dry matter production from 
low to optimal NO3- rates but the wheat dry matter production increases with the increased NO3- 
supply. It is possible that there was competition for reductant between photosynthetic and nitrate 
assimilation processes at ambient CO2 concentrations where CO2 is limiting growth. 
 
Nitrogen Content 
The nitrogen concentration was generally lower in the lamina and roots of wheat grown at elevated 
CO2 concentrations than those grown at an ambient CO2 concentration (Fig. 16). However, the total 
nitrogen content of the wheat grown at elevated CO2 concentrations was similar or greater than those 
grown at ambient CO2 concentrations (Fig 17). There was a 10%, 21% and 29% decrease in the 
nitrogen concentration at elevated CO2 concentrations in the 0.5mM, 4mM and 6mM NO3- treatments 
respectively in the lamina of wheat. Unlike in the beans, the concentration of nitrogen in the wheat 
lamina increases with increasing NO3- concentration at each CO2 level. The average decrease of 14% 
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in nitrogen concentration in plants (Cotrufo et al., 1998) would fall somewhere between the 0.5mM 
to 4mM NO3- treatments. The total nitrogen content of the wheat lamina at ambient and elevated CO2 
concentrations are similar at sub-optimal NO3- but at optimal NO3- levels the wheat grown at elevated 
CO2 levels had a 39% increase in the total nitrogen content of the lamina. This shows that a greater 
total amount of NO3- assimilation has occurred at elevated CO2 concentration when optimal NO3- is 
supplied, rather than NO3- assimilation being inhibited. With sub-optimal NO3-, both the nitrogen 
concentration and the total nitrogen content in the lamina and the root material were equivalent at 
elevated and ambient CO2 concentrations. There is not the decrease in nitrogen concentration and 
total nitrogen with sub-optimal NO3- that was observed in the beans grown at elevated CO2 
concentration. In wheat, the growth and nitrogen content at sub-optimal NO3- did not differ between 
the elevated and ambient CO2 concentrations.  
 
At optimal NO3- (4mM NO3-), the concentration of soluble protein in the lamina was 28% lower in 
the wheat grown at elevated CO2 levels than at ambient CO2 levels (Fig. 20). This difference in 
soluble protein concentration does not result in a difference in the total soluble protein between the 
lamina of wheat grown at elevated and ambient concentrations of CO2 (Fig. 21). While the 
concentration of soluble protein had the expected decrease in soluble protein at elevated CO2 
concentrations, the total soluble protein did not display this decrease and was the same at ambient 
and elevated CO2 concentrations. 
 
The photosynthetic rate was higher in the wheat grown at elevated CO2 concentrations (Fig. 12) and 
while the total nitrogen content at optimal NO3- was also higher, there was decreased soluble protein 
concentration (Fig. 20) and an equivalent total amount of soluble protein (Fig. 21) in the wheat grown 
at elevated CO2 concentrations compared to those grown at ambient CO2 concentrations. The nitrogen 
use efficiency is likely to be greater in the wheat grown at elevated CO2 concentrations as there is the 
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same quantity of soluble protein, of which RuBisCO is the main protein, and a higher rate of 
photosynthesis occurring. As with the stomatal conductance in the beans, there was too great 
variability within groups to distinguish trends between elevated and ambient CO2 concentrations or 
between the different NO3- treatments. Further study into this, including a greater amount of 
replication in each treatment, would be required to differentiate the response of stomatal conductance 
to elevated CO2 concentration and NO3- supply. 
 
Conclusions 
The effect of the nitrogen availability on common bean and wheat growth at elevated CO2 
concentrations is apparent in the dry matter production and also in the interactions between carbon 
and nitrogen. At low nitrogen supply, elevated CO2 concentrations appear to reduce or be equivalent 
to the value for ambient CO2 levels, for dry matter production and the nitrogen content of the common 
bean and wheat. At elevated CO2 concentrations with an optimal nitrogen supply, dry matter 
production, especially of the lamina, was greatly enhanced and the total nitrogen content and total 
soluble protein content had similar or increased values compared to the plants grown at ambient CO2 
concentrations. This has led to the conclusion that there has not been a decrease in NO3- assimilation 
but instead, the decreases in the concentration of nitrogen in the plants was due to the dilution effects 
from increased carbon assimilation. The increase in photosynthetic rate at elevated CO2 
concentrations shows that the beans and wheat had greater carbon assimilation and also greater 
nitrogen use efficiency with elevated levels of CO2. 
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Future Directions 
Some of the factors measured had high variation within the treatment group which led to there being 
no significant difference observable between the treatments. These factors included the 
photosynthetic rate, stomatal conductance and the nitrate concentration. Repeating these 
measurements with a greater number of replicates in each treatment would increase the statistical 
power and make it more likely that a trend could be observed at the different NO3- and CO2 
concentrations.  
 
This experiment did not measure the level of nodulation occurring at each NO3- and CO2 level in the 
beans. The total amount, and the proportion, of nitrogen gained from N2 fixation in common bean is 
not known or how this has impacted the response to elevated CO2 concentrations. N2 fixation is likely 
to be particularly important at the low NO3- rates as a nitrogen source.  
 
The activity of nitrate reductase was not measured in this experiment due to complications in the 
nitrate reductase assay. In future studies this would be an important area to look at in regards to how 
the nitrate reductase activity changes with the elevation of the CO2 concentration, at the different 
NO3- levels and in the different tissue types. It has been proposed that the site of NO3- assimilation 
may change at elevated CO2 concentration with a higher proportion occurring in the root than occurs 
at ambient CO2 concentration (Bloom, 2015). The xylem sap could be analysed in future experiments 
to look at the amount and the form of nitrogen transported into the shoot. This could also be used to 
look at the ureides common bean can produce as a product of N2 fixation. 
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Appendix I 
Basal Nutrient Solution 
The basal nutrient solution used to supply all of the nutrients to the common bean and wheat plants 
contained: 
3 mM Calcium sulphate (CaSO4.2H2O 
2.4 mM Magnesium sulphate (MgSO4.7H2O) 
3 mM Monopotassium phosphate (KH2PO4) 
0.3 mM Dipotassium phosphate (K2HPO4) 
0.5 mM Ammonium sulphate ((NH4)2SO4) 
0.01 mM Ferric sulphate (FeSO4) 
0.1 µM Copper sulphate (CuSO4.5H2O) 
0.02 µM Cobalt chloride (CoCl2.6H2O) 
5 µM Boric acid (H3BO3) 
10 µM Sodium chloride (NaCl) 
0.5 µM Sodium molybdate (NaMoO4.2H2O) 
1 µM Manganese chloride (MnCl2.4H2O) 
0.1 µM Zinc sulphate (ZnSO4.7H2O) 
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Soluble Protein Extraction Buffer 
The extraction buffer (pH 8.5) for soluble protein assay contained: 
0.2 M tris-HCl 
5 mM EDTA 
1 mM cysteine 
50 mM potassium phosphate 
10 µM Flavin adenine dinucleotide (FAD) 
2.5% Polyvinylpyrrolidone (PVP) 
 
Nitrate Reductase Enzyme Assay 
Plant material was ground with liquid nitrogen and 1g added to 5mL extraction buffer, same as for 
soluble protein with an additional 1% casein. Vortexed and then centrifuged (3,000 g, 4°C, 15min) 
and supernatant collected. Standards of 0, 0.005, 0.01, 0.02, 0.04 and 0.08 mM NO2- were used. 1mL 
of 1% sulphanilamide in 10% HCl was added to 1mL standard solution and vortexed. 2mL of 0.05% 
NED (N-(1-napthyl) ethylenediamine) was then added, vortexed and incubated at room temperature 
for 10 min. The absorbance was read at 543nm using a FLUOstar Omega microplate 
spectrophotometer to create a standard curve. The nitrate reductase assay was composed of: 
0.5 mL of 0.1M Potassium phosphate buffer, pH 7.5 
0.1 mL of 0.05M Potassium nitrate 
0.1 mL of NADH in potassium phosphate buffer 
0.3 mL of sample extract, using the extraction buffer as a blank 
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Each sample was incubated at 25°C for 15 min and the reaction stopped by adding 1 mL 1% 
sulphanilamide in 10% HCl. 2 mL of 0.05% NED was added and samples vortexed then centrifuged 
(4,000 g, 10 min) to remove turbidity. The absorbance was read at 543nm using a FLUOstar Omega 
microplate spectrophotometer. 
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Appendix II 
Individual N treatments of Phaseolus vulgaris at five weeks growth 
   
   
   
0.5mM NO3- 
Ambient CO2 
0.5mM NO3- 
Elevated CO2 
2mM NO3- 
Ambient CO2 
1mM NO3- 
Ambient CO2 
1mM NO3- 
Elevated CO2 
2mM NO3- 
Elevated CO2 
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3mM NO3- 
Ambient CO2 
4mM NO3- 
Ambient CO2 
4mM NO3- 
Elevated CO2 
3mM NO3- 
Elevated CO2 
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6mM NO3- 
Ambient CO2 
8mM NO3- 
Ambient CO2 
10mM NO3- 
Ambient CO2 
6mM NO3- 
Elevated CO2 
8mM NO3- 
Elevated CO2 
10mM NO3- 
Elevated CO2 
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Individual N treatments of Triticum aestivum at seven weeks growth 
 
 
 
2mM NO3- 
Ambient CO2 
1mM NO3- 
Ambient CO2 
0.5mM NO3- 
Ambient CO2 
2mM NO3- 
Elevated CO2 
1mM NO3- 
Elevated CO2 
0.5mM NO3- 
Elevated CO2 
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3mM NO3- 
Ambient CO2 
3mM NO3- 
Elevated CO2 
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4mM NO3- 
Ambient CO2 
4mM NO3- 
Elevated CO2 
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10mM NO3- 
Ambient CO2 
8mM NO3- 
Ambient CO2 
6mM NO3- 
Ambient CO2 
10mM NO3- 
Elevated CO2 
8mM NO3- 
Elevated CO2 
6mM NO3- 
Elevated CO2 
